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Description 

SYSTEM AND METHOD TO DETECT 
AND CORRECT SPARK PLUG FOULING 
IN A MARINE ENGINE 

Cross Reference To Related Applications 

[0001] The present invention claims the benefit of U.S. Ser. No. 

60/481,168 filed August 1, 2003. 
Background of Invention 

[0002] The present invention relates generally to internal com- 
bustion engines, and more particularly, to a system and 
method of detecting spark plug fouling and switching an 
operation mode of the internal combustion engine to cor- 
rect any spark plug fouling that is detected. 

[0003] | n general, fuel-injected engines include a fuel injector 
that provides a fine mist of fuel that mixes with combus- 
tion generating gases, that generally comprise a mixture 
of fresh air and any remaining exhaust gases. Ideally, this 
mixture is compressed and spark ignited. The spark igni- 



tion is typically provided by a spark plug. The spark plug 
is essentially a pair of electrodes disposed within a com- 
bustion chamber and separated by an air gap. One spark 
plug electrode is connected to an intermittent voltage po- 
tential and the other is connected to an electrical ground. 
When a sufficient voltage potential is present at one elec- 
trode, a spark occurs across the air gap. 
[0004] Certain fuel-injected internal combustion engines have 
been refined to operate in two combustion modes that 
can be defined as a stratified operation and a homoge- 
nous operation. When the engine is operating at low 
speeds and/or loads, a stratified operation is generally 
preferred, wherein fuel is introduced into the combustion 
chamber and spark ignited on injection. In contrast, when 
the engine is operating at higher engine speeds and/or 
loads, a homogenous operation is preferred, wherein fuel 
is allowed to hit the piston and intermix more thoroughly 
with the combustion gases before ignition. Therefore, the 
homogenous combustion mode is characterized by a gen- 
erally uniform and relatively rich fuel charge in the com- 
bustion chamber. On the other hand, a stratified operat- 
ing mode is characterized by fluctuations in the fuel and 
gas mix, or equivalence ratio. Engines that operate in ho- 



mogeneous and stratified modes must be calibrated to 
switch between cylinders either individually or all at once 
from stratified to homogeneous when transitioning to 
higher speeds and from homogeneous to stratified when 
transitioning from high speed to low speed. The present 
invention is particularly applicable in engines that transi- 
tion cylinders individually. However, it is contemplated 
that the present invention is also applicable in systems 
that transition all cylinders together. 
[0005] stratified combustion can include an air/fuel mixture hav- 
ing mainly a lean mixture about a periphery of the com- 
bustion chamber surrounding a relatively small layer or 
pocket of rich mixture near a center of the combustion 
chamber. In one mode, the rich mixture is initially ignited 
by firing a spark into the combustion chamber early in the 
combustion cycle wherein the ignition spreads to the 
leaner mixture consuming the rest of the leaner mixture 
in the combustion chamber. Therefore, unlike operating 
under homogeneous condition, when operating under 
stratified conditions, the spark plug fires while the in- 
jected fuel has yet to reach the piston and evenly dis- 
perse. As such, when operating the engine in a stratified 
operation mode, soot can develop in the combustion 



chamber from the direct ignition of unvaporized fuel. 

[0006] Additionally, other operating modes are also known to 
cause soot production in the combustion chamber. For 
example, if the engine is operating in an incorrect heat 
range or operating with an incorrect air/fuel mixture, soot 
may also be formed within the combustion chamber. 

[0007] over time, the buildup of soot deposited on the electrodes 
of the spark plug can interfere with the spark across the 
electrodes. That is, rather than causing a clean, well de- 
fined spark across the air gap, the voltage potential can 
be discharged, or partially dissipated, via the soot 
buildup. This buildup of soot, known as spark plug foul- 
ing, can cause the engine to misfire. The result is a loss of 
power provided by the engine. 

[0008] The detection of spark plug fouling generally requires an 
inspection of the spark plug. Such an inspection requires 
that engine operation cease and the spark plugs be re- 
moved. Furthermore, to correct spark plug fouling, the 
spark plugs must be manually cleaned or replaced. The 
operating parameters of the engine must then be aug- 
mented incrementally until spark plug fouling ceases. 

[0009] such an inspection and correction process not only re- 
quires that the engine be taken out of operation, but with 



the advanced nature of current engines, may also require 
the mechanical proficiency of trained service personnel. It 
would therefore be desirable to have a system and 
method to automatically detect and correct spark plug 
fouling in a combustion engine while the engine is in op- 
eration. 
Brief Description of Invention 

[0010] The present invention provides a system and method to 
detect and correct spark plug fouling that overcomes the 
aforementioned drawbacks. An engine control unit (ECU) 
performs ion gap sensing within the combustion chamber 
and interprets the results. Specifically, the ECU determines 
the current between a pair of electrodes within a combus- 
tion chamber of a combustion engine prior to, or after, 
combustion. In a preferred embodiment, the pair of elec- 
trodes are spark plug electrodes. The ECU then deter- 
mines whether the current between the spark plug elec- 
trodes is indicative of spark plug fouling. If spark plug 
fouling is determined, the ECU can modify the mode of 
operation to correct the spark plug fouling and clean the 
deposits on the spark plug while the engine is in opera- 
tion and without operator intervention. 

[001 1] | n accordance with one aspect of the current invention, a 



system for operating a combustion engine includes a 
combustion engine having at least one combustion cham- 
ber operable in at least a first operating mode and second 
operating mode and a pair of electrodes disposed within 
the combustion chamber used as a spark plug. An ECU is 
configured to monitor conductivity between the spark 
plug electrodes and determine spark plug fouling there- 
from. 

[0012] | n accordance with another aspect of the current inven- 
tion, a method of controlling engine operation includes 
operating a combustion engine in a first operation mode 
and determining a conductivity between of the spark plug 
electrodes within a combustion chamber of the combus- 
tion engine during a period of low ionization. The method 
includes, switching a mode of operating the combustion 
chamber if the conductivity between the spark plug elec- 
trodes is indicative of spark plug fouling. 

[0013] | n accordance with another aspect of the current invention 
an outboard motor includes a powerhead having a com- 
bustion engine, a midsection configured for mounting the 
outboard motor to a watercraft, and a lower unit powered 
by the engine to propel the watercraft. The combustion 
engine has a first electrode and a second electrode opera- 



tionally disposed therein. The outboard motor also in- 
cludes a computer configured to detect and correct spark 
plug fouling by supplying a current to the first electrode 
and monitoring the flow of current to the second elec- 
trode during a low ionization period within the combus- 
tion chamber and modifying combustion in response 
thereto. 

[0014] | n accordance with yet another aspect of the current in- 
vention a system for determining spark plug fouling in- 
cludes a means for detecting spark plug fouling and a 
means for correcting any detected fouled spark plug. 

[0015] Various other features, objects and advantages of the 

present invention will be made apparent from the follow- 
ing detailed description and the drawings. 
Brief Description of Drawings 

[0016] The drawings illustrate one preferred embodiment 

presently contemplated for carrying out the invention. 
[0017] | n t ne drawings: 

[0018] pig. 1 is an outboard marine motor incorporating the 

present invention. 
[0019] pig. 2 is a cross-sectional view of an engine cylinder of an 

engine shown in Fig. 1 incorporating the present inven- 



tion. 

[0020] pig. 3 is a flow chart setting forth the steps of a process 

for determining and correcting spark plug fouling within 

the engine shown in Fig. 1. 
Detailed Description 

[0021] The present invention relates to internal combustion en- 
gines, and preferably, those incorporating direct fuel in- 
jection in a spark-ignited gasoline-type engine. In a pre- 
ferred embodiment, the engine is a two-stroke injection 
engine. Fig. 1 shows an outboard motor 10 having one 
such engine 12. The engine 12 is housed in a powerhead 
14 and supported on a mid-section 16 configured for 
mounting on the transom of a boat (not shown) in a 
known conventional manner. An output shaft of the en- 
gine 12 is coupled to a drive propeller 18 extending rear- 
wardly of a lower gearcase 20 via the mid-section 16. The 
engine 12 is controlled by an electronic control unit (ECU) 
22. While the present invention is shown in Fig. 1 as being 
incorporated into an outboard motor, the present inven- 
tion is equally applicable with many other engine applica- 
tions such as inboard motors, motorcycles, scooters, 
snowmobiles, personal watercrafts, all-terrain vehicles, 
lawn maintenance equipment, etc. 



[0022] Referring to Fig. 2, an exemplary individual engine cylin- 
der 24 of engine 12 is shown in cross-section. The cylin- 
der 24 is formed in an engine block 26. A combustion 
chamber 28 is located in an upper portion of the cylinder 
24. The combustion chamber 28 is defined as the space 
contained between a piston 30, a cylinder wall 32, and a 
cylinder head 34 mounted on the engine block 26. Dis- 
posed within the cylinder head 34 are a fuel injector 37 
and a spark plug 38. As will be further described, the fuel 
injector 37 is position to inject fuel into the combustion 
chamber 28 whereby a pair of electrodes 36 of the spark 
plug 38 is positioned within the combustion chamber to 
ignite the fuel. The piston 30 reciprocates in cylinder 24 
thereby changing the volume of the combustion chamber 
28. 

[0023] when the piston 30 is at top-dead-center (TDC), the vol- 
ume of the combustion chamber 28 is at a minimum. The 
piston 30 is then drawn downward, expanding the com- 
bustion chamber, during a power stroke. At a distance 
from TDC, the piston 30 moves below an exhaust port 
and intake port (not shown) whereby the exhaust port and 
intake port are opened so that exhaust, generated by 
combustion, can exit the combustion chamber 28 and a 



fresh charge of air from the crankcase (not shown) can 
enter the combustion chamber 28. The piston 30 then 
reaches its lowest point, bottom-dead-center (BDC), and 
reciprocates back toward TDC. 
[0024] At a predetermined time during the travel of the piston 30 
from BDC to TDC, and dependent upon a specific mode of 
operation, the fuel injector 37 injects a quantity of fuel 
into the combustion chamber 28. Once the fuel is in- 
jected, the spark plug 38 is energized with a voltage po- 
tential between the electrodes 36, which causes a spark to 
fire between the electrodes 36 to ignite the fuel. The tim- 
ing of the ignition spark is also dependent upon an oper- 
ation mode. For example, when the operation mode is a 
stratified operation mode, the fuel is injected when the 
piston 30 is near TDC and the fuel is ignited immediately 
following injection. The result is an operation mode that is 
desirable when the engine is operating at low speeds or 
loads. However, when operating in the stratified operation 
mode, soot can be generated within the combustion 
chamber. Soot generally is formed from incomplete com- 
bustion, such as when the ignition timing of a combustion 
chamber 28 is too early or too late. Some examples of op- 
erating conditions that can produce soot are when the en- 



gine is not operating within a correct temperature range, 
the fuel mixture is incorrect for a particular speed and/or 
load. This soot is deposited on the electrodes 36 of the 
spark plug 38 and, over time, a path of lowered resistance 
between the electrodes 36 is created by the layer of soot. 
If the layer of soot is great enough, the current induced by 
the voltage potential passes across the soot rather than as 
a spark between the pair of electrodes 36. 
[0025] jo counter the effects of spark plug fouling, during the 

ignition cycle, the ECU 22 of Fig. 1, includes a map stored 
in memory to control the operation of the engine. The ECU 
includes a computer that is programmed in accordance 
with that shown in Fig. 3. The ECU 22 causes the engine 
12 to begin operation 40, Fig. 3, in a first operating mode 
42. At a predetermined piston position, the ECU energizes 
a pair of electrodes, separated by an air gap within the 
combustion chamber, with a voltage potential and deter- 
mines a pre-combustion current induced by the voltage 
potential 44. In a preferred embodiment, the pair of elec- 
trodes energized by the ECU 22 is a pair of electrodes 36 
of the spark plug 38 of Fig. 2. However, it is contemplated 
that the pair of electrodes energized by the ECU for ion- 
ization gap sensing may be an auxiliary pair of electrodes 



(now shown) separate from the pair of electrodes 36 of 
the spark plug 28. 

[0026] "Pre-combustion" is defined as a time before combustion 
and preferably beginning when exhaust from combustion 
has been removed from the combustion chamber but 
prior to any subsequent combustion, preferably near BDC. 

[0027] For example, in a preferred embodiment, the pre- 
combustion current is determined during a scavenging 
period. The scavenging period occurs when intake and 
exhaust ports in the combustion chamber are simultane- 
ously open due to the movement of the piston. As such, 
the exhaust from combustion is removed from the com- 
bustion chamber via the exhaust port and fresh air is 
pulled into the combustion chamber from the crankcase 
via the intake port. Therefore, one of skill in the art will 
readily recognize that the term "post-combustion" may 
also be used to describe a period when exhaust from 
combustion is being or has been removed from the com- 
bustion chamber but prior to a subsequent combustion. 
Simply, one of ordinary skill will readily recognize that the 
scavenging period may be considered to be pre- 
combustion or post-combustion. In any case, one skilled 
in the art will recognize that spark plug fouling can be de- 



tected at various times in the cycle if certain thresholds 
are used. For simplicity, the period when exhaust from 
combustion has been removed from the combustion 
chamber, or nearly so, but prior to any subsequent com- 
bustion will be referred to as pre-combustion. 
[0028] jo determine pre-combustion current, current sensing is 
implemented to determine the conductivity of soot de- 
posits between the electrodes. Current sensing is accom- 
plished by placing a voltage potential across the elec- 
trodes and measuring the current that flows between the 
electrodes at some point when the combustion chamber 
has little ionization from combustion. Under a voltage po- 
tential, the current that flows between the electrodes is 
proportional to the conductivity between the electrodes. 
The conductivity between the electrodes can either be in- 
dicative of the ionization of the combustion gas because 
ions are responsible for the transportation of the charge 
across the gap between the electrodes or the conductivity 
can be indicative of conductive soot deposits fouling the 
spark plug. However, since the conductivity sensing oc- 
curs during a pre-combustion period when in the pres- 
ence of mostly fresh air, that has not yet been exposed to 
combustion, the ion concentration is relatively low. The 



presence of a small amount of exhaust gases still in the 
combustion chamber will improve the conductivity of the 
fresh air; however, the ion concentration is still relatively 
low. As such, when the voltage potential is applied to the 
electrodes, a relatively low current flow could be induced 
and flow across the gap to the grounded electrode. 

[0029] if the electrodes contain too much soot, indicating that 
the spark plug is fouling or has fouled, the discharge of 
the voltage potential will not be across the gap via ions, 
but the discharge will be directly to the grounded elec- 
trode via the deposited soot. As a result, the current de- 
tected from one electrode to the other electrode will be 
significantly higher than detected when the spark plug is 
not fouling or fouled. 

[0030] Referring again to Fig. 3, the ECU then compares the cur- 
rent induced by the voltage potential between the elec- 
trodes to a threshold value 46. The threshold value is in- 
dicative of spark plug fouling. Accordingly, if the conduc- 
tivity identified by the current induced between the elec- 
trodes is less than the threshold value 47, any soot 
present on the spark plug is not affecting running condi- 
tions and combustion is determined to be normal. In this 
case, the ECU permits the combustion chamber containing 



that set of electrodes to continue normal operation in the 
first operation mode 47, 42. 

[0031] on the other hand, if the conductivity identified by the 

current induced between the electrodes is greater than the 
threshold value 46, that spark plug is deemed to be foul- 
ing or in a fouled state 46, 48. 

[0032] | n accordance with one embodiment, the ECU determines 
the appropriate operating parameters to change according 
to a map 50 stored in the ECU. The map dictates the op- 
erating parameters that should be changed based upon 
the first operating mode and the level of current deter- 
mined by the ECU at 44 that is, the amount of fouling on 
the spark plug. For example, if the first operating mode is 
characterized by a stratified operating mode and the level 
of current determined at 44 is sufficiently greater than the 
threshold value at 46, the ECU may cause the engine to 
switch from the stratified operating mode to a homoge- 
neous operating mode, or some other, second operating 
mode. 

[0033] on the other hand, under some conditions, the map may 
dictate that a less significant change is sufficient to stop 
and ultimately correct the spark plug fouling and the 
change in operating mode may only constitute a minor 



change to an operating parameter. As such, a single oper- 
ating parameter, such as throttle position, ignition timing, 
fuel mixture, etc., may be changed. Once complete, the 
ECU may continue to monitor the conductivity between 
the electrodes to determine if the change in operating pa- 
rameter has remedied the fouling. It is also contemplated 
that the ECU determine operating conditions on-the-fly 
without the use of a map. Under this scenario, the ECU is 
free to calculate real-time settings. 
[0034] Furthermore, it is contemplated that upon changing an 

operating mode of one combustion chamber which is ex- 
periencing fouling, the ECU may change an operating 
mode of a second combustion chamber to operate as the 
first combustion chamber had, prior to the change in op- 
erating mode. As such, the net effect on engine operation 
is minimized to the user. In other words, the cleaning 
process is completely transparent to the equipment oper- 
ator. 

[0035] | n any casGj on ce the engine is operating in the second 
operating mode 52, the ECU continues to monitor the 
conductivity between the electrodes during a pre- 
combustion period 54. Again, in a preferred embodiment, 
the pre-combustion period is the scavenging period so 



that post-combustion exhaust gases that contain a higher 
concentration of ions have mostly been removed when 
current sensing occurs at 54. After current sensing is 
complete, the conductivity between the electrodes is again 
compared to the threshold value 56. If the conductivity 
remains greater than the threshold value 58, the ECU de- 
termines whether a subsequent operating parameter must 
be augmented 60, 64 in order to remove the soot de- 
posited on the electrodes and remedy the spark plug foul- 
ing. That is, if it is determined that spark plug fouling has 
continued 56, 58, and that additional changes are needed 
60, 62, the ECU causes the engine to change additional 

th 

operating parameters characterizing a third (or n ) oper- 
ating mode 64. For example, if the spark plug fouling 
continues after the operating parameter has been 
changed 56, 58, the ECU may change the fuel-to-air mix- 
ture within the combustion chamber, change the ignition 
timing, or attempt to lower the operating temperature of 
the engine. This process of incremental adjustments to 
operating parameters may continue until the determina- 
tion is made that the conductivity is lower than the 
threshold value 56, 68. On the other hand, if the fouling is 
still present 56, 58 but is beginning to subside such that 



no additional changes are deemed necessary 60, 66, the 

th 

engine is allowed to continue cleaning operation in the n 
operation mode 52. 
[0036] Once the conductivity between the electrodes is less than 
the threshold value 56, 68, the ECU determines whether to 
return operation of that combustion chamber to the first 
operating mode 70, 72. If the engine conditions, dictate 
that the cylinder should return to the first operating mode 
70, 72, the ECU returns the operating parameters to the 
first, original operating mode 42 and operation under 
those parameters is permitted to continue 46, 47 unless 
spark plug fouling is again detected 46, 48. However, if 
the ECU determines that the cylinder should not return to 
the first operating mode 70, 74, but determines some 
other mode is appropriate for the circumstances, the 
cylinder is run in some n th operation mode 76. A tech- 
nique to detect and remedy spark plug fouling is thereby 
achieved. 

[0037] | t j S contemplated that the above-described technique can 
be embodied in a system for operating a combustion en- 
gine including a combustion engine having at least one 
combustion chamber operable in at least a first operating 
mode and second operating mode and a pair of electrodes 



disposed within the combustion chamber. An ECU is con- 
figured to monitor conductivity between the pair of elec- 
trodes and determine spark plug fouling therefrom. 

[0038] Additionally, it is contemplated that the above-described 
technique be embodied as a method of controlling engine 
operation including operating a combustion engine in a 
first operation mode and determining a conductivity be- 
tween a pair of electrodes within a combustion chamber 
of the combustion engine during a period of low ioniza- 
tion. The method includes, switching a mode of operating 
the combustion chamber if the conductivity between the 
pair of electrodes is indicative of spark plug fouling. 

[0039] it is also contemplated that the above-described tech- 
nique may be embodied in an outboard motor that in- 
cludes a powerhead having a combustion engine, a mid- 
section configured for mounting the outboard motor to a 
watercraft, and a lower unit powered by the engine to 
propel the watercraft. The combustion engine has a first 
electrode and a second electrode operationally disposed 
therein. The outboard motor also includes a computer 
configured to detect spark plug fouling by supplying a 
current to the first electrode and monitoring the flow of 
current to the second electrode during a low ionization 



period within the combustion chamber. 
[0040] it is additionally contemplated that the above-described 
technique be embodied in a system for determining spark 
plug fouling includes a means for detecting spark plug 
fouling and a means for correcting any detected fouled 
spark plug. 

[0041] The present invention has been described in terms of the 
preferred embodiment, and it is recognized that equiva- 
lents, alternatives, and modifications, aside from those 
expressly stated, are possible and within the scope of the 
appending claims. 



